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Abstract: We developed a spectral-domain visible-light optical coherence tomography (VIS-
OCT) based multimodal imaging technique which can accomplish simultaneous OCT and
fluorescence imaging with a single broadband light source. Phantom experiments showed that
by using the simultaneously acquired OCT images as a reference, the effect of light
attenuation on the intensity of the fluorescent images by materials in front of the fluorescent
target can be compensated. This capability of the multimodal imaging technique is of high
importance for achieving quantification of the true intensities of autofluorescence (AF)
imaging of the retina. We applied the technique in retinal imaging including AF imaging of
the retinal pigment epithelium and fluorescein angiography (FA). We successfully
demonstrated the effect of compensation on AF and FA images with the simultaneously
acquired VIS-OCT images.
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1. Introduction

Optical coherence tomography (OCT) [1,2], retinal autofluorescence (AF) imaging [3,4], and
fluorescein angiography (FA) [5,6] are three important imaging modalities in both ophthalmic
clinics and research, which image different aspects of the retina. OCT is a low-coherence
interferometry based imaging modality, which can provide mainly structural imaging of the
retina with microscopic depth resolution. Retinal AF imaging maps the distribution of
lipofuscin, the major source of AF in the retinal pigment epithelium (RPE). Lipofuscin is a
complex lipid/protein aggregates formed in the RPE as nondegradable end products from
phagocytosis of shed photoreceptor outer segments [7], which accumulate with age.
Lipofuscin has influences on the RPE cells in many ways that are believed to contribute to the
pathogenesis of age-related macular degeneration (AMD) [8,9]. FA images fluorescence from
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exogenous contrast molecules administrated into the blood stream to capture the blood
circulations and identify vascular leakage in the retina. Because of the complementary nature
of their contrast mechanisms, these imaging modalities are suitable candidates for being
integrated into a multimodal imaging system. A broadband visible light source can be used to
build such a multimodal imaging system, since retinal AF and FA needs visible light for
fluorophore excitation. Visible light OCT (VIS-OCT) is gaining more attention in molecular
contrast imaging recently because many molecules of interest in the retina have absorption
spectra in the visible light range [10—-14].

We recently achieved simultaneous OCT and AF imaging with a single broadband visible
light source and successfully applied the imaging technique to monitor the accumulation of
lipofuscin in the RPE cells in albino rats [12,13]. The current system was designed to
compensate the signal attenuation by the media anterior to the RPE to tackle a technical
difficulty in quantification of absolute AF intensities. Quantification of the absolute AF
intensities is a major issue that the current retinal AF imaging technologies are not able to
address [15]. During AF imaging, the excitation light must travel through the media anterior
to the RPE before exciting the fluorophores, and the AF signals generated in the RPE must
travel through the same media before being detected by the system. Signals are attenuated by
these tissues, including the cornea, the aqueous humor, the vitreous, and especially by the lens
[16].

The AF intensities changes in aging, as well as in certain pathological conditions, such as
in AMD and Stargardt diseases. Monitoring AF changes would be informative for disease
progression, for which quantitative accuracy is important to see the difference between
individuals as well as longitudinal changes in the same eye. However, the measured AF in an
image can be affected by many factors, including the optical properties of the anterior
segments of the eye, which are different among different individuals and change over time;
the intensity of the excitation light; and even alignment of the eye with the excitation light
beam. Eliminating the influence of all the factors that are not related to the optical properties
of the RPE would improve the quantification accuracy of AF imaging, which will make it
possible to compare the overall AF intensities as well as changes in the spatial distribution of
AF.

The current multimodal imaging system can simultaneously acquire OCT and AF imaging
with a single broadband visible light source. Because the OCT signals are attenuated by the
same media as the AF signals, the OCT signals can be used as an internal reference to
compensate the signal attenuation by the media anterior to the RPE. Thus, our VIS-OCT
based multimodal imaging technique offers a unique opportunity for compensation of the
anterior segment attenuation effects on retinal AF imaging. This technique can also be used
for retinal FA imaging. This paper reports our recent progress in simultaneous VIS-OCT,
retinal AF, and FA imaging.

2. Methods
2.1 Imaging system

A schematic of the experimental system is shown in Fig. 1. The system has two SD-OCTs:
one works in the NIR band (Fig. 1. red lines) and the other in the VIS band (Fig. 1. blue
lines). The VIS-OCT uses a supercontinuum laser (SC) source (EXB-6, SuperK EXTREME,
NKT Photonics, Denmark) equipped with a variable band-pass filter (SuperK Varia, NKT
Photonics). The filtered output light (center wavelength: 480 nm, bandwidth: 20 nm, 80 MHz
pulse rate) is delivered though a fiber delivery module. The VIS light is coupled into the
source arm of a single-mode optical fiber-based Michelson interferometer. The NIR-OCT
uses a superluminescent diode (SLD-37-HP, center wavelength: 840 nm, bandwidth: 50 nm,
Superlum, Russia). After passing through an optical fiber isolator, the NIR light is coupled
into another single-mode fiber-based Michaelson interferometer. The visible and NIR light
beams, after exiting their corresponding optical fibers in the sample arms, are collimated and
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combined by using two dichroic mirrors (DM1: NT43-955, Edmund Optics and DM2:
DMLP505, Thorlabs). The combined light beam is scanned by a x-y galvanometer (6215H,
Cambridge) scanner, and delivered into the eye by the combination of a relay lens (L1, f=75
mm, achromatic) and an ocular lens (L2, f = 20 mm, achromatic). The VIS light power was
500 uW before entering the eye, while the NIR light at the same location was 600 uW.

In the detection arm of each OCT subsystem, the reflected light from the sample and
reference arms is collimated and detected by a spectrometer (SPEC1-2). The VIS-OCT
spectrometer has an 1800 lines/mm transmission grating, a multi-element imaging lens (f =
150 mm), and a line scan CCD camera (Aviiva-SM2-CL-2010, 2048 pixels with 10 pm pixel
size operating in 12-bit mode, e2V). The NIR-OCT uses a spectrometer with the same
parameters as described in our previous publications [17].

The system for AF detection is similar to that described in our previous publications [13].
In short, the back-traveling fluorescent photons emitted from the fluorophore pass through the
two dichroic mirrors and a long-pass filter (FGL515M, cut-on wavelength: 515 nm,
Thorlabs), and are then focused into a 25 pum pinhole by an achromatic doublet with a focal
length of 30 mm (L3). The AF photons are detected by a PMT module (PMMO02, Thorlabs).
The outputs of the PMT are digitized by a multifunction data acquisition board (DAQ, PCle-
6361, National Instruments) at a sampling rate of 2M/s. At each scanning position on the
retina a total of 80 points corresponding to a sampling length of 30 ps were acquired. The
amplitudes of the AF signal of these 80 points were averaged to form a single pixel of the AF
image. Synchronization of the AF data acquisition, scanning of the galvanometer scanner and
the OCT image acquisition was controlled by the multifunction DAQ board.
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Fig. 1. Schematic of the imaging system. SC: supercontinuum; SLD: superluminescent diode;
DM1-2: dichroic mirror; L1-3: Achromatic lens; LPF: long-pass filter; PH: pinhole; FP1-7:
Fiber collimating port; ISO: Isolator; FC1-2: 3dB fiber coupler; PC1-2: Polarization controller;
G1-2: BK-7 glass plate; M1-2: Mirror; IRIS1-2: Iris.

2.2 Modeling of OCT and AF signals of the retina

The light propagations in the retina were studied by many research groups. With reference to
the model of fundus reflection proposed by van de Kraats et al [18,19], the measured light
reflected from the retina can be divided into reflections from three sources, or three distinct
layers of the eye. The first layer is the media anterior to the RPE. The second one is the RPE
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layer, where reflection by the RPE layer and absorption by the lipofuscin granules occurs.
The third is the post-RPE layer, including the choroid and sclera. The intensity of the
reflected light from pre- and the RPE layer can be expressed as:

[pre =IO'Tpre (2')2 'Rpre (ﬂ') (1)
[RPE = IO'Tpre (1)2 '[1 _Rpre (/1)]2 Tree (1)2 'RRPE (’7’) (2)

where [, is the light intensity incident into the eye, I,. and Irpg are the light intensities
reflected from the pre-RPE and RPE layer, respectively; 7,.. and tzpg are the transmittance of
the pre-RPE and RPE layer, respectively; R, and Rgpg are the reflectance of the pre-RPE and
RPE layer, respectively.

The lipofuscin fluorescence intensity (/47 rpr) detected can be expressed as:

Lypowos =107, (A [1-R,,(A)] . eCd.0.4, 3)

where ¢ is the extinction coefficient of the fluorescent pigment (lipofuscin), C is the
lipofuscin concentration, d is the RPE layer thickness, Q is the quantum yields of the
fluorescence, 4, is the detecting efficiency including the detection solid angle, the response of
the PMT, the gain of the circuitry, and the digitization coefficient.

Assuming that 7, and R, are the same for excitation light and the fluorescent, the ratio

of AF and OCT signal is
1,  &CdQ.Ad
IRPE T;PE (//i')RRPE (/1)

In Eq. (4), all the parameters related to the incident light intensity and the transmission of
all the eye components anterior to the RPE layer are eliminated.

4)

2.3 Animal experiments

To test the capabilities of the imaging technique, we imaged the retina of albino Sprague
Dawley rats (SD rats, Taconic). All the experiments were performed in compliance with the
ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and with the
guidelines of the Florida International University’s Institutional Animal Care and Use
Committee.

The animals were anesthetized by intraperitoneal injection of a cocktail containing
ketamine (54 mg/kg body weight) and xylazine (6mg/kg body weight). The pupil was dilated
with 10% phenylephrine solution. Drops of artificial tear were applied during the imaging to
prevent cornea dehydration and cataract formation. The rat was restrained in an animal
mount, which was placed in a five-axis platform.

For FA imaging, Fluorescite 10% (100mg/ml fluorescein, 50mg/kg body weight) was
injected though the tail vein after the rat was stabilized and the eye was aligned with the
probe light. Then the simultaneous images were captured.

2.4 Phantom construction

To further test the imaging system and the theoretical models, we built a phantom to simulate
light attenuation by tissues anterior to the RPE (Fig. 2(a)). The phantom consisted of three
components: a plastic weighing dish as the container, fluorescein sodium solution in the
container to simulate lipofuscin, and a transparent polystyrene membrane to cover the
fluorescent dye solution and control the thickness of the sample. A set of ND filters (nominal
OD values of 0.1- 0.5) was placed in front of the phantom for light attenuation.
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3. Results
3.1 Phantom test

We built a phantom to obtain proof-of-concept of the system design and theoretical models
using ND filter to simulate signal attenuation. The phantom setup has two boundaries in the
OCT cross sectional image: the 1st is the polystyrene membrane and the 2nd is the surface of
the weighing dish. OCT and fluorescent images were simultaneously acquired. The OD value
of the sample was measured to be 1.26 = 0.02. By segmentation we obtained the intensity of
the OCT reflection from the 2nd boundary (Fig. 2, red curve). As the OD value increases,
both the fluorescent (Fig. 2(b), blue curve) and OCT signals decreased. But the normalized
fluorescent signals (Fig. 2(b), Fluorescence/OCT, green curve) calculated using Eq. (4)
showed only a gradual and linear decrease, which was caused by accumulated bleaching of
the dye during the measurements as the measurements were taken sequentially from low to
high OD values. Each measurement causes partial bleaching of the dye and the effect
accumulates unless the time interval among measurements was sufficient for the dye to
recover. It is clear that the normalized AF signals are independent of the OD values of the ND
filter. As we noticed, the OD = 0.3 filter had a large deviation from the nominal OD value,
which made the measured AF and OCT signal curves “non-linear” (Fig. 2(b), red and blue
curves), and yet the linearity of the normalized AF curve was not affected (Fig. 2, green
curves).

Results of these experiments demonstrated that OCT signals can be used as an internal
reference to minimize the effects of media anterior to the RPE, and the imaging system
functions as expected.
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Fig. 2. Phantom simulation experiment. (a) Schematic of the phantom; (b) The AF/OCT (the
AF intensity divided by the 2nd boundary OCT intensity, green) signals were not influence by
the OD values of the ND filter, unlike the raw AF signals (blue) and OCT signals (red). The
linear decrease of AF/OCT was due to accumulated bleaching of the dye.

3.2 in vivo simultaneous VIS-OCT and retina AF imaging

The system was tested in SD rats. Figure 3 shows an example of the simultaneously acquired
VIS-OCT (Fig. 3(a) and 3(c)) and AF (Fig. 3(b)) images of the retina of an animal (age: 12
months; body weight: 500 g). Figure 3(a) is the projected OCT fundus image generated from
the acquired 3D VIS-OCT data set [20]. Figure 3(c) is the VIS-OCT cross-sectional B-scan
image, the location of which is marked as a dotted line in Fig. 3(a) and 3(b). The OCT data
set consists of 512 (horizontal) x 128 (vertical) A-scans. Since the OCT and AF images are
generated from the same photons we can see that Fig. 3(a) and 3(b) are precisely registered.



Research Article Vol. 7, No. 9| 1 Sept 2016 | BIOMEDICAL OPTICS EXPRESS 3226 I

Biomedical Optics EXPRESS -~

Fig. 3. VIS-OCT and AF images simultaneously acquired from a rat retina in vivo. (a) OCT
fundus image; (b) AF image; (c) OCT B-scan image. The dotted line in the OCT fundus image
marks the location of the OCT B-scan image. Bar: 200 pm
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Fig. 4. The original AF intensities (a) and the normalized AF intensities (b) of four rats
followed for a period of four weeks. Normalization was performed using the RPE image
intensities calculated from the segmented OCT images.

In our previous studies [13], 4 SD rats (10-week-old) were imaged every two weeks (one
rat died after the second imaging) to monitor their AF in the retinas for 4 weeks. The imaging
conditions, including the focusing and the power of the probe light, the position of the
reference arm, and the depth of the retina in the OCT image, were kept the same in each
imaging experiment. The mean AF intensity counts over the entire imaged area of the 4 rats at
different time points are shown in Fig. 4(a). The accumulation of lipofuscin in the RPE cells
was evidenced by the increased AF image intensities over time.

The mean AF intensity counts were then normalized with the RPE OCT signal intensities
obtained by manually segmenting the RPE layer and averaged over the entire imaged area.
The normalized AF intensity is calculated by using Eq. (4). From the raw mean AF intensity
counts, we can see significant increases over the 4-week period, but the rate of increase in
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each animal differs significantly. When the normalized data were used (Fig. 4(b)), the rates of
increase among animals are quite similar. Note that the “levels” of I, in Fig. 4(b) between
animals are not normalized to a common reference, and thus they cannot be compared
quantitatively if not all the imaging conditions including the eye conditions are known. The Y
axis scale in Fig. 4(b) has no specific physical meaning in this case.

All rats in the experiment were of the same age and housed under the same lighting
conditions. It is reasonable to believe that the rate of lipofuscin accumulation is similar for all
the rats. Before normalization using Eq. (4) the rate of AF intensity increase, thus the rate of
lipofuscin accumulation, is significantly different among the different rats. After
normalization using Eq. (4), the AF intensities of different rats increase over time at similar
rate. Further, as we mentioned earlier, literature shows a linear correlation between aging and
lipofuscin accumulation [21] which is better observed in the results using Eq. (4) for
normalization.

3.3 in vivo simultaneous VIS-OCT and retinal FA

Since the system is capable of simultaneous OCT and AF imaging. We wondered if we can
test this capability to image FA. Due to the relatively slow imaging speed, which is mainly
limited by the bandwidth of the PMT and the line rate of the CCD camera used in the current
system, we could not control which FA phase to capture. This limitation could be removed
with a detector of higher speed to capture all the different FA phases.

Fig. 5. VIS-OCT and AF images simultaneously acquired from a rat retina in vivo. (a) OCT
fundus image; (b) AF image; (¢) AF/OCT compensated fundus image; (d) OCT B-scan image.
The dotted line in the OCT fundus image marks the location of the OCT B-scan image. Bar:
200 pm

The simultaneously acquired VIS-OCT and FA images of the retina of an SD rat are
shown in Fig. 5. Spatial registration is guaranteed between the OCT and FA images because
they were generated by the same photons. The FA image (Fig. 5(b)) was normalized with the
projected OCT (Fig. 5(a)) intensities pixel by pixel (Fig. 5(c)) to produce better contrast for
the retinal blood vessels. This contrast enhancement of the retinal blood vessels is achieved
by suppression of the fluorescence signals from the choroidal blood vessels.

4. Discussion

We have demonstrated the capability of a multimodal imaging system for simultaneous OCT
and fluorescent imaging with the same broadband light source. The fluorophores could be
endogenous or exogenous. The major limitation for the current system is the imaging speed,
which made the system unable to image the early FA phases.
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This system can be used to quantitatively imaging retinal AF, a measure of fluorophores
mainly contained in the lipofuscin granules in the RPE [4,21]. AF was first detected in a
vitreous fluorphotometry study [22]. The major fluorophore in lipofuscin granules and the
major fluorophore of retinal AF is believed to be A2E (N-retinyl-N-retinylidene
ethanolamine), a byproduct of the photoreceptor visual cycle [23-25]. The RPE is a
monolayer of pigmented cells located between photoreceptors and the choroid [26]. It helps to
enhance vision by absorbing scattered light with melanin, maintains the normal function of
photoreceptors, including regenerating 11-cis retinal in the visual cycle [27] and phagocytosis
of the shed photoreceptor outer segment tips [28]. Since lipofuscin has been implicated in
retinal diseases such as AMD and Stargardt diseases, quantitatively measuring AF is of
significant clinical value.

Quantification of absolute retinal AF intensities is important for AF to be used in clinical
research and patient care, without which it is difficult to evaluate retinal AF images from
different patients or even between successive images from the same patient. However, the
available AF imaging technologies are not able to quantify absolute AF intensities. And this
is the major hurdle for AF imaging to be widely utilized. We believe that to achieve
quantification of absolute AF intensities, we need to have an internal reference to measure the
true intensities occur at the RPE, and a fluorescent standard with known intensity as an
external reference similar to the reference fluorescent target used by Delori and associates
[15]. Our technique of simultaneous VIS-OCT and retinal AF imaging by using the same
light source is unique in providing an internal reference to eliminate the attenuation effects of
the media anterior to the RPE. Thus our system of simultaneous OCT and AF in combination
with a fluorescent standard reference should be able to achieve quantification of absolute AF
imaging for clinical application.

The system is also capable to simultaneously acquire OCT and FA images. For potential
clinical application, the system will need faster detectors to capture different phases of FA.
The multimodal VIS-OCT system described here is one of the several systems we have
developed, including simultaneous photoacoustic microscopy (PAM) and autofluorescence
microscopy [29,30], simultaneous OCT and PAM [31,32], and simultaneous OCT and retinal
AF [12,13]. Further studies to optimize these systems in disease models could lead to clinical
application these navel technologies.

To get the result of Eq. (4) we made an assumption that 7, and R, are the same for
excitation light and the fluorescent. Although the assumption was made for simplifying the
mathematical model, it is based on reasonable analysis. In the anterior segments light
attenuation in the visible spectrum is mainly determined by the scattering coefficients of the
tissues and light absorption can be ignored. Thus 7,, is close to unity for the anterior

segments. Light transmission is mainly determined by (/-R,,.), which slightly increases with
wavelength in the visible spectrum [33]. For the retinal tissues anterior to the RPE, light
absorption is mainly caused by hemoglobin in the retinal blood vessels, whose overall
absorption coefficient increases with wavelength in the spectral range from 480nm to 570nm.
In the meantime in the same spectral range light scattering decreases with wavelength. As a
result, the overall effect of the ocular tissues anterior to the RPE layer (7-R,.).7,,. may remain
relatively constant for the excitation and AF light. In future studies we will design
experiments to test the accuracy of this assumption and improve the model if systematic error
is introduced by the assumption. In addition, AF imaging is usually performed under light
condition, so the effect of absorption spectrum by the visual pigment can be ignored.

In the phantom study, higher dye concentration will reduce the signal intensity from the
second boundary. When the concentration of the dye is higher than a certain level, determined
by the sensitivity of the OCT, the second boundary of the phantom could no longer be
reliably imaged. In such an extreme situation, the normalization method cannot be used. We
recognize that there are limitations of the current method. It seems unlikely that the
limitations would be an issue in practice as we haven’t seen the situation in which the RPE
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layer cannot be revealed in our in vivo imaging experiments on both albino and pigmented
rats.

For in vivo imaging applications zzpr and Rgpr are functions of the concentrations of both
melanin and lipofuscin in the RPE layer. Lipofuscin and melanin exist in the RPE cells as
granules. Thus, the increase of lipofuscin will reduce zzpr but will increase Rppz Lipofuscin
accumulates during aging, but melanin will probably decrease [34] and the decrease in
melanin would contribute inversely to tzpr and Rrpr How these combined effects influence
Tzpe and Rypp cannot be easily answered and needs further investigation.

The normalization method is designed to remove the attenuation effects of the tissues
anterior to the RPE layer as well as the effects of factors like misalignment, and to retain only
the factors describing the optical properties of the RPE. Experiments with phantoms and in
vivo studies on rats have demonstrated the promising potentials of the method to reach this
goal. However, more specifically designed experiments are needed to examine the exact
meanings of the method and its capabilities and limitations in extracting the true AF
intensities of the RPE lipofuscin.

5. Conclusion

In conclusion, we have, for the first time, achieved simultaneous VIS-OCT and fluorescence
imaging with a single broadband light source targeting both endogenous and exogenous
fluorophores. This multimodal imaging system takes a significant step toward quantification
of true retinal AF intensities. Further optimizing this system would make it as a valuable tool
for clinical and research applications.
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